In the recent years, directionally solidified (DS) turbine blades are found widely in advanced aero-engines owing to their excellent creep resistance properties. Aluminising coating on turbine blades protects against high temperature oxidation and corrosion. Turbine blades of a military gas turbine engine are subjected to low cycle fatigue (LCF) damage during START and STOP cycles. The present investigation deals with the low cycle fatigue (LCF) life of a directionally solidified nickel-base super alloy MAR M 002. Influence of aluminising on LCF life of the DS alloy MAR M002 has been evaluated by carrying out strain controlled LCF test at 900°C with strain amplitudes (Δεt/2) of ±0.3%, ±0.5%, and ±0.8% at a strain ratio (R) of -1. At low strain, coating favours LCF life. Accumulated plastic strain and tensile stress developed during cyclic loading and stiffness ratio are being used to correlate fatigue life. Fractography revealed initiation of cracks in the coating and multiple secondary cracks.
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Introduction
Development of turbine blades is dictated by the high turbine entry temperature (TET) requirement of advanced aero-engines. Nickel-base alloys are used for turbine blades for their excellent high temperature resistance and manufacturability (Reed, 2006) . Creep, fatigue and oxidation are the damages that limit the life of turbine blades. Creep resistance of turbine blade is improved by reducing the transverse grain boundaries to the loading axis which is achieved by directional solidification. Nickel-base alloys are oxidation resistant, however, they oxidise in an environment having partial pressure of oxygen more than 7 10 -11 atm (Bose, 2011) . Aluminium, being a stable former of oxides, is deposited by diffusion process on turbine blade to protect the surface against high temperature oxidation and corrosion (Tamarin, 2002a; Sahoo et al., 2015) . A turbine blade of a military gas turbine engine is subjected to low cycle fatigue (LCF) loading during START -STOP and various transient regimes. Life consumption of a turbine blade is monitored by the accumulated LCF cycles as specified in MIL-005007E (Military Specification, 1983) . This investigation deals with the LCF life evaluation of a typical directionally solidified (DS) nickel-base cast alloy MAR M 002 with aluminising coating at 900°C.
Experimental setup
MAR M 002 cylindrical rods of diameter Φ 18 m have been cast by directional solidification using copper chill plate following Bridgeman method with the help of industrial DS furnace make: ALD vacuum technologies, Germany (Fleming, 1972) . Columnar grain structure has been achieved by following a mould withdrawal rate of 4 mm/minute. The orientation of the grains are ensured within ±10° of the (001) direction which incidentally coincides with the loading axis of the turbine blade. The chemical composition of the cast alloy used during investigation is specified in Table 1 . Cast rods were subjected to radiography and heat-treated under vacuum level of 10 -3 mm of Hg at a temperature of 870°C for 20 hrs followed by furnace cooling. LCF specimens with the dimension as shown in Figure 1 were prepared by CNC machining. Subsequently, aluminising coating was carried out on the specimen by paint method followed by diffusion annealing. The composition of the paint mainly consists of 15-20% Al and 5-8% Si. The annealing process consists of heating the specimen at 1,100°C for 1 hour in vacuum followed by cooling from 1,100°C to 700°C minimum at the rate of 40°C/minute. This process has been carried out till a final coating thickness of 30-40 µm is achieved. Strain controlled LCF test was carried out following ASTM E 606-04 using MTS 800 testing machine (ASTM E606-04, 2004; Manual on Low Cycle Fatigue Testing, 1969) . The test is carried out at 900°C using three strain amplitudes (Δε t /2), i.e., ± 0.3%, ± 0.5% and ± 0.8% with R = -1 and with a test frequency of 0.33 Hz.
Results and discussions

Micro-structural characterisation
Micro-structural examination of DS cast alloy MAR M 002 has been made to characterise the various phases using etchant Vislips reagent. Macro-structural examination has been carried out in un-etched condition to estimate the volume fraction of micro-porosity as shown in Figure 2 (Hyzak and Bernstein, 1982) . The level of porosity and the volume fraction of residual γ/γ' eutectic is dependent on the location of the specimen with respect to the solidification direction. Accordingly the top, middle and bottom portions of the rod were analysed for micro-porosity and the average porosity is found to be 0.6% with a maximum of 0.9%. Similarly, the average volume fraction of residual γ/γ' eutectic is found to be 4% with a maximum of 6%. Micro-hardness of the coating was measured by Vickers hardness tester model: Tukon-1102 using a load of 100g and it was about 715-770 HV.
Surface residual stress was determined by the X-ray diffraction residual stress analyser, proto automated XRD System and Service manufacturing, using Mn tube at a detector angle of 155° and collimator of diameter within the range of 3-5 mm. The residual stress of aluminising coating was found to be compressive in nature with magnitude of about 150-200 N/mm 2 .
Monotonic tensile properties
Monotonic tensile properties of base metal MAR M 002 were evaluated at RT and 900°C following the procedures and guideline as mentioned in ASTM EM-04. The gauge diameter was Φ 6.25 mm and the gauge length was 25 mm. The tensile strength properties such as ultimate tensile strength (UTS), yield strength (YS) and ductility properties such as percentage elongation (%EL), percentage reduction in area (%RA) are placed in Table 2 . 
LCF life
The value of LCF cycles as mentioned in Table 3 corresponds to average values of LCF for three specimens. LCF life is summarised in Table 3 and, LCF Life for MAR M 002 of base and coated specimen has been plotted in Figure 5 . From the test results summarised in Table 3 , it is found that, there is a reduction of 45.68% and 64.20% in LCF life of MAR M 002 with aluminised coating at Δε t /2 of ±0.5% and ±0.8%, respectively. The heterogeneity developed by the aluminise coating resulted in reduction in life at all strain amplitudes except at Δε t /2 of ±0.3% which is considered as an aberration. To evaluate the effect of temperature on LCF life, test was conducted on base material MAR M 002 at RT and 700°C with Δε t /2 of ±0.3% and no hysteresis loop could be formed indicating the material not experiencing any cyclic plastic strain (Δε p ), i.e., the strain is within elastic regime. But with increased Δε t /2 of ±0.5%, and 0.8%, hysteresis loops get formed and the results are placed at Table 4 (values mentioned are the average values of LCF for three specimens) for reference. Monotonic tensile test results at 900°C (Table 2) revealed that there is reduction in strength properties but proportionately significant improvement in ductility properties compared to RT. At 900°C, there is reduction of elastic modulus resulting in the imposed stress beyond the yield stress eventually reaching in plastic regime. Hyzak and Bernstein (1982) reported that LCF of super alloys is sensitive to microstructure defects and these are more detrimental when surface related (Shamblem and Chang, 1985) . The lattice parameters for the carbide (TC, HfC) formed during solidification is about 4.3-4.6 (Wasson and Fuchus, 2008) . Because of large misfit between the carbides which lead to formation of blocky carbides and matrix (Pollock, 2006) . Carbide phases provide strengthening by acting as obstacles to dislocation but this is counteracted by its brittleness due to cracking of carbide. Porosity and carbide are the two potential sources for fatigue crack initiation, however, carbides in the vicinity of porosity is more vulnerable. Carbides present at the surface aggravate further reducing the fatigue life drastically (Pollock, 2006) . Therefore, the less life obtained at Δε t /2 of ±0.3% may be most probably due to a flaw preferably from morphology of carbides in microstructure.
The strain tolerance of the diffusion aluminising coating is low because of its brittleness; thereby susceptibility of aluminising coating to cracking increases with increase in strain amplitude. The poor LCF life of DS alloy is attributed to randomness of micro-porosity, poor transverse ductility and susceptibility to grain boundary cracking because of residual γ/γ' eutectic (>4%) (Harris et al., 1990) . The abnormal high LCF life at Δε t /2 of ±0.5% compared to that of at Δε t /2 of ±0.3% in base metal may be attributed to oxidation phenomena. Diffusion layer modifies substrate microstructure and thereby influences the stress pattern in the substrate. But as the fatigue is predominantly dependent on surface and subsurface micro-structure, it gets influenced by diffusion coating. The DBTT (ductile brittle transition temperature) of the diffusion aluminising coating is found to be between 700-900°C.
Cyclic stress strain behaviour
Hysteresis loops obtained at half life for both the base and coated MAR M 002 with various Δε t /2 of ±0.3%, ±0.5% and ±0.8% and are shown in Figures 6-8 for the base and coated materials. The hysteresis loops for coated MAR M 002 are found as mostly symmetrical and smooth in comparison to base alloy. The plastic strain (Δε p ) estimated from the hysteresis loops have been tabulated in Table 5 . Δε t and Δε p versus N f have been plotted for base metal and coated with aluminising in Figure 9 (a) and Figure 9 (b) respectively. There is reduction of Δε p in coated specimen compared to base alloy at all Δε t /2 except for ±0.5%. Δε p has increased by one order at Δε t /2 of ± 0.8% compared to lower strain. 
In nickel-base alloys, the cyclic stress response is controlled by the interaction of dislocation with the strengthening phases γ'/γ'' precipitates. Cyclic hardening in nickel alloys is attributed to formation of dislocation loops around the strong γ'. Cyclic softening in precipitation hardened alloy system is associated with the shear and dissolution of precipitates. In super-alloys, cyclic hardening is attributed to cutting and disordering or dissolution of γ'/γ'' precipitates. Also it was reported that loss of coherency with the γ' matrix in accordance with the coarsening kinetics of γ' precipitates was responsible for cyclic softening (Choe and Lee, 1995) . MAR M 002 exhibited cyclic hardening at Δε t /2 of ±0.3% as shown in Figure 10 (a) while a stable stress response was obtained at Δε t /2 of ± 0.5% as illustrated in Figure 10 (b). At higher Δε t /2 of ± 0.8%, cyclic softening was observed as shown in Figure 10 (c). MAR M 002 coated with aluminising also exhibited similar cyclic stress response as shown in Figures 11(a) -11(c). Jung and Schnell (2008) also reported cyclic hardening of the substrate superimposed with multiple crack initiation/propagation in the coating leading to cyclic softening during failure investigation of a single crystal turbine blade. The peak tensile stress developed at half life (N f /2) where N f represents the number of cycles to failure during LCF testing has been plotted against Δε t /2 as shown in Figure 12 . The value of N f is determined by averaging out the LCF values of three specimen. The peak tensile stress got diminished by 26% with coating at Δε t /2 of ± 0.3%. At higher Δε t /2, i.e., ± 0.5% and ±0.8%, it followed an increasing trend of 4% and 16%, respectively. Enhancement of LCF life with coating at Δε t /2 of ± 0.3% is attributed to combined effect of reduced tensile stress and less plastic strain. Reduction in LCF life at Δε t /2 of ± 0.5% is mainly due to increase in tensile stress and cyclic plastic strain. At Δε t /2 of ± 0.8%, the effect of tensile stress seems to be more pronounced resulting in significant reduction in LCF life as reflected in Table 2 . Stiffness ratio has been defined as the ratio of σ tensile /σ compressive and, it has been plotted against N/N f where N is the cycle and N f is the cycles to failure on log scale for (Δε t /2) of ± 0.3%, ± 0.5% and ± 0.8% at Figures 13(a) , 13(b) and 13(c), respectively (Coffin, 1974) . Form the graph, it is evident that the stiffness ratio of the coated alloy is lower compared to base metal at all strain amplitudes. The gap between stiffness ratio of base metal and aluminising coated goes on reducing with increase in strain amplitude as depicted in Figures 13(a)-13(c) . The aluminising coating was deposited following high activity diffusion method. In high activity diffusion aluminising process, annealing transforms the brittle layer ( -NiAl + δ-Ni2Al3) to -NiAl. Aluminised coating being brittle could accommodate less tensile stress. Diffusion coating develops residual compressive stress of -150 to -200 N/mm 2 . Residual compressive stress combined with low tensile stress in the coating resulted in lower stiffness ratio in coated specimen than the base alloy which has been manifested at Δε t /2 of ± 0.3% as reflected in Figure 13 (a). This becomes significant only up to a strain less than the strain tolerance of the coating. Beyond that, cracks developed in the coating and then, the base metal and coating respond in the same manner as illustrated in Figure 13 (c) for Δε t /2 of ± 0.8%. Referring to Figure 13 (b), intermediate behaviour has been observed at Δε t /2 of ± 0.5%. With increasing strain amplitude, the susceptibility of the base metal to cracking increases, resulting in lower tensile stress and lower stiffness ratio. The change in slope of the stiffness ratio indicates the degree of hardening of the alloy. At Δε t /2 of ±0.3%, increasing slope for both base metal and aluminising coated implies cyclic hardening. The steep slope of the base metal implies higher degree of hardening compared to that of coated one. But in case of Δε t /2 of ±0.5%, both the base metal and aluminising coated exhibit the same trend but the sudden drop in tensile stress towards the end of the cycle for coated specimen, indicates development of appreciable crack in the coating. 
Fractographic examination
Examination of fracture surface at low magnification by SEM on base metal after LCF tested at 900°C at Δε t /2 of ± 0.8% revealed origin of fatigue at the surface as shown in Figure 14 (a). Also there is a step distinguishing separation of progressive and fast fracture leading to final failure. The fatigue striations are seen under high magnification at 1,000X as shown in Figure 14 (b) . A large crack along with many secondary cracks is visible as shown in Figure 14 (c). However, most of the fracture features have been masked by the oxides as shown in Figure 14 (c).
Presence of voids is also observed at low magnification as shown in Figure 15 (a). Magnified view of Figure 15(a) showing over load failure at different crystallographic planes is observed at Figures 15(b)-15(c) . 
Gross fracture feature of coated specimen after LCF tested at Δε t /2 of ±0.8% under low magnification has been shown in Figure 16 (a). Fractograph of coated specimen as shown in Figure 16 (b) revealed presence of coating layer and a few cracks in the coating oriented along radial direction. This has grown into the substrate as shown by arrow in Figure 16 (c). However, most of the fracture features have been masked by the oxides formed on the surface due to elevated temperature exposure. The evidence of fatigue fracture is seen at higher magnification as shown in Figure 17 (a). Presence of a large internal crack as shown in Figure 17 (a) and its magnified view in Figure 17 (b) along with secondary cracks resulted in reduction of LCF life of coated specimen at higher strain. The fatigue life of a metal is influenced by the secondary phases and discontinuities in the matrix. The micro-porosity acts as a discontinuity and a source of stress concentration. The mico-pores are the sources of fatigue cracks (Orlov, 2008) . The higher carbon content in the cast alloy provides improved creep rupture resistance, however, the fatigue life is affected by the morphology of carbides. NiAl 3 , Ni 2 Al 3 , NiAl and Ni 3 Al for their higher specific volume compared to super alloys introduce compressive residual stress (Tamarin, 2002b) . The residual compressive stress introduced by diffusion aluminising results in higher LCF life at low strain. Bozza et al. (2014) reported that DS nickel-base substrate develop maximum hardness during pack aluminising. The hardness of the aluminising coating was about 715-770 HV indicating its brittleness. However, because of the formation of inter-metallic compounds during aluminising, the coating is brittle. The characteristic of the aluminise coating is influenced by the substrate, type of deposition process and temperature. Plastic strain has increased with increasing strain as shown in Table 5 and Figure 9 . The increased plastic strain led to development of transverse crack in the coating. The tensile stress developed during cyclic loading has resulted in increased opening/propagation of the crack. At Δε t /2 of ±0.8%, plastic strain has gone up by one order. This has led to development of multiple internal cracks in the substrate which resulted in reduction of load bearing cross-sectional area, thereby reduced fatigue life. The crack generation in the coating is due to brittleness of the coating and the strain incompatibility between coating and substrate. The strain incompatibility is due to difference in coefficient of thermal expansion of coating and substrate. Application of a suitable bond coat between coating and substrate can reduce strain incompatibility and improve strain tolerance of coating. Coating can be made beneficial for fatigue life provided the applied tensile strain is lower than the fracture strain of the coating (Rahmani and Nategh, 2009) . Therefore, the fatigue damage in the coated specimen is governed by the brittleness/strain tolerance of the coating, plastic strain and the development of tensile stress.
Lifting of a turbine blade provided with diffusion aluminising coating is influenced by the working temperature, imposed strain during operation, residual stress pattern and the strain tolerance of the coating layer. The properties of the coating are influenced by the aluminium content, type of substrate, deposition process, the coating thickness, etc.
Development of a more strain tolerant coating with a favourable stress pattern can minimise the deleterious effect of coating on LCF life of a DS cast alloy. This could be achieved by optimisation of coating process and use of a suitable bond coat in between the substrate and coating improving the compatibility.
Conclusions
From the present investigation, following conclusions can be made To simulate the actual operation conditions of turbine rotor blade, LCF test on coated specimen provides a more realistic life particularly for high temperature application.
Diffusion aluminising coating on MAR M 002 yielded enhanced LCF life at strain amplitude of 0.3% but there is diminishment in life at higher strain. This behaviour is strongly influenced by the strain tolerance of the coating.
The MAR M 002 with aluminising coating exhibited a smooth hysteresis loop compared to the base cast alloy. LCF life is governed by the plastic strain and the tensile stress developed during cyclic loading. The cyclic plastic strain in coated MAR M 002 is found to be less compared that of base metal except at Δε t /2 of ±0.5%. There is one order increase in Δε p at Δε t /2 of ±0.8% compared to lower strain amplitudes in both base metal and coated one. Effect of tensile stress developed during cyclic loading is more pronounced on LCF life with aluminising coating at higher strain amplitude.
Stiffness ratio of coated MAR M 002 is found to be lower in comparison to base metal at all strain amplitudes indicating poor resistance of coating to tensile strain. Also, the gap between stiffness ratio of base metal and coated reduces with increasing strain amplitude.
